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Abstract.  Scanning transmission electron microscopic 
analysis revealed that the  14S fraction of Tetrahymena 
dynein was of a mixture of two types of particles in 
approximately equal proportions.  The  14S dynein mol- 
ecules were roughly ellipsoid in shape with approxi- 
mate axes of 9.5 and  14.5 nm.  About half of the parti- 
cles had tails 20-24-nm long.  By the integration of 
electron scattering intensities,  particles with tails had 
an average mass of 510 kD with a SD of 90 kD. The 
globular heads of both types of particles had an aver- 
age mass of 330 kD with a  SD of 60 kD.  The mass of 
the tail structure was about 180 kD.  By SDS-PAGE, 
the  14S dynein consisted of two high molecular mass 
polypeptides above 300 kD that could be distinguished 
by immunoblot analysis. 
T 
HE basis of ciliary and flagellar  motility  is the active 
sliding of the outer doublet microtubules. The sliding 
of the microtubules is mediated by the ATPase action 
of the dynein arms that decorate each doublet microtubule 
(Brokaw and Benedict,  1968; Gibbons and Gibbons, 1972; 
Gibbons,  1981). High salt  extraction  of Tetrahymena axo- 
nemes yields two ATPases which can be resolved by sucrose 
gradient sedimentation as 14S and 22S dyneins (Gibbons and 
Rowe, 1965). The 22S dynein is believed to originate  solely 
from the outer dynein arm, although this has not been firmly 
established.  The origin of the 14S dynein is even less certain, 
but may originate from the inner dynein arms, or from some 
other axonemal structure,  such as the radial spokes (Nagano, 
1965), or microtubule-membrane  links (Dentler et al., 1980). 
The  structural  and  functional  properties of 22S  dynein 
have received considerable attention over the last few years; 
however, little is known about the 14S dynein. Previous anal- 
ysis of Tetrahymena 22S dynein by scanning  transmission 
electron microscopy (STEM) I provided the first evidence 
that dyneins consist of globular heads connected by flexible 
strands  to a base (Johnson  and Wall,  1983). Moreover,  the 
STEM mass measurement,  which identified the three-headed 
particle as single dynein molecules, suggested that the heads 
form the ATP-sensitive site of association with microtubules, 
and helped to relate  the results on Tetrahymena with those 
obtained  with  Chlamydomonas dyneins  (Witman  et  al., 
1982). Therefore,  it was hoped that STEM analysis  of 14S 
dynein would be equally revealing.  In this communication 
we report our findings of STEM analysis of Tetrahymena 14S 
dynein. We demonstrate for the first time that the 14S fraC- 
tion of Tetrahymena dynein consists of two immunologically 
1. Abbreviation used in this paper: STEM, scanning transmission electron 
microscopy. 
distinct  polypeptides and two populations  of particles that 
differ in their structures  and masses. 
Materials and Methods 
Isolation of 14S Dynein 
Dynein was obtained by high salt extraction of isolated demembranated axo- 
nemes from Tetrahymena thermophila (strain B-225, a mucus deficient mu- 
lant, was a gift from E. Orias, University of California at Santa Barbara, 
Santa Barbara, CA). The 14S dynein was purified by chromatography on 
DEAE-Sephacel and sucrose gradient fractionation as described previously 
(Porter and Johnson, 1983). Only the center of  the 14S peak was taken from 
the sucrose gradient, although no significant differences in the polypeptide 
composition were observed in the leading or trailing edges when examined 
by SDS-PAGE. Sucrose gradient profiles were analyzed on a 5-15% acryl- 
amide-gradient gel and visualized with Coomassie Brilliant Blue R-250. Rates 
of ATP hydrolysis for both 22S and 14S dynein were measured as the linear 
production of free P~ over the course of 30 rain. Dyncin (25 gg/ml) was in- 
cubated at 28~  with 1 mm ATP. 25 ltl aliquots were removed at  10-min 
intervals and the reaction quenched with 2 N perehloric acid and stored on 
ice to reduce the rate on non-enzymatic  hydrolysis of  ATP. When all samples 
had been collected, they v~re assayed for Pi by the method of Lanzetta, et 
al. (1979). The specific activity of the 14S dynein was 0.05 IJ.mole/mg/min, 
compared to a value of 0.16 txmole/mg/min for 22S dynein. 
Preparation of  Antibody 
New Zealand white female rabbits were injected intracutaneously in several 
sites along their backs with 50-100 txg of 14S dynein in complete Freund's 
adjuvant (1:1, vol/vol). Two boosts with 50-100 Ixg of 14S dynein in incom- 
plete Freund's adjuvant were given every 2 wk. Blood was taken 2 wk after 
the final injection. 
Protein Blotting 
For protein blotting of the heavy chains of 14S dynein, SDS-PAGE was per- 
formed according to the method of Laemmli (1970) using 3.0% acrylamide 
with a 0-8 M urea gradient. The conditions for the transfer of protein to 
nitrocellulose were similar to those described by King et al. (1985). Trans- 
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ments, San Francisco, CA) at 0.4 A  for 30 min and then 1.5 A  for three 
h.  The nitrocellulose used had a  pore size of 0.2  Ixm (BA-83;  Shleicher 
and Schuell). After completion of the transfer procedure, the nitrocellulose 
blots were washed in distilled water, air dried, and stored at room tempera- 
ture until use. 
Affinity Purification 
Nitrocellulose blots were stained with Amido Black (Talian et al., 1983) and 
strips containing the upper and lower high molecular mass polypeptides, 
termed HC1 and HC2, and a control blank strip were cut from the sheets. 
The Amido Black stain-destain procedure did not alter the antigenicity of 
the protein adsorbed to nitrocellulose. The strips of nitrocellulose were 
washed four times for  10 min in PBS containing 0.5%  Tween 20 as the 
blocking agent, after which they were incubated overnight at 25~  with 14S 
dynein antisera diluted  1:500. Unbound antibody was  removed by four 
10-min washes in PBS plus 0.5%  Tween 20. 
The antibodies were eluted from the nitrocellulose strips by a 2-min incu- 
bation with 10 ml of 0.2 M glycine-HCI, pH 2.8. The eluted material was 
removed and immediately adjusted to pH 7.5 by the addition of 240 lal of 
3  M  Tris base. 
Detection of  Antigens Bound to Nitrocellulose  Blots 
Nitrocellulose blots of the heavy chains of 14S dynein were washed three 
times for 10 min in PBS plus 0.5% Tween before being incubated for 2 h 
at room temperature with either the 14S antiserum diluted 1:500 or the un- 
diluted affinity  purified antibodies. 
Unreacted antibody was removed with 3  x  10-rain washes of PBS plus 
0.5% Tween 20, and incubated for a further 2 h at room temperature with 
a  1:1,000 dilution of goat anti-rabbit antibody conjugated to alkaline phos- 
Figure  1.  Sucrose  gradient  density  profile  of 
DEAE-Sephacel-column-purified dynein and cor- 
responding SDS-PAGE analysis of each fraction. 
The  14S  dynein  (fractions  6-9)  and  22S  dynein 
(fractions 13-18) are well separated. No significant 
differences in the polypeptide compositions were 
seen in the leading and trailing edges of the  14S 
peak. 
The 14S dynein consisted of two high molecular 
mass chains above 300  kD,  designated HC1  and 
HC2, one intermediate chain, IC, with a molecu- 
lar  mass of 110  kD  and  three predominant light 
chains. 
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20,  to remove unreacted goat anti-rabbit antibody, the nitrocellulose was 
washed once in 0.15  M  Tris-acetate buffer (pH 9.5).  The antibodies were 
detected on the nitrocellulose using 5-bromo-4-chloro-3-indolyl phosphate 
as the substrate and nitro blue tetrazolium, as the color reagent. 
STEM Analysis 
Specimens were prepared and imaged at the Brookhaven STEM Biotechnol- 
ogy Resource (Upton, NY). Samples of 14S dynein were diluted to a con- 
centration of 30 Ixg/ml in 10 mM PIPES, 0.8 mM MgCI2, pH 7.0, and ap- 
plied to an electron microscope grid by injection into a droplet of buffer on 
a thin carbon foil supported by a holey carbon film. After 30 s, the grid was 
washed four times with buffer. Tobacco mosaic virus was added as a standard 
with a final wash step in water. The grids were then quickly frozen by plung- 
ing into nitrogen slush (-210~  freeze-dried at -95~  and transferred un- 
der vacuum to the microscope stage. 
The dose of electrons required for a single scan to be recorded was less 
than 2  electrons/A  2 and was sufficiently low to reduce mass loss to  less 
than 1.0% (Mosesson  et al., 1981). The use of tobacco mosaic virus particles 
as an internal standard largely compensated for this small loss. 
The mass analysis was accomplished by integration of  electron-scattering 
intensities of an area containing specimen, then subtracting the background. 
Only isolated particles were used for the mass analysis, and particles that 
appeared to  be aggregated or juxtaposed to  either another particle  or a 
Tobacco mosaic virus were not used. For more specific information con- 
cerning the mass analysis, see Mosesson et al.  (1981). 
STEM 
Thin carbon films that had been deposited on freshly cleaved mica were 
floated onto the surface of a solution containing 14S dynein at a concentra- 
tion of 30 txg/ml in 10 mM PIPES, 0.8 mM MgCI2.  After several seconds, 
the carbon film was removed and floated onto the surface of 2 %  uranyl 
acetate. 
The carbon films were picked up on uncoated 400 mesh copper grids, 
either by bringing the grid up from underneath the carbon film or by placing 
the grid on top of the carbon film. 
The negatively stained preparations were viewed in a Philips 300 at 80 
kv with a  30-~tm objective aperture. 
Results 
SDS-PAGE  analysis  of the  sucrose  gradient  profile of a 
typical dynein preparation is presented in Fig.  1. Fractions 
6-9 contain 14S dynein, while fractions 12-18 contain 22S 
dynein. The 14S dynein fractions contain 2 heavy chains of 
greater than 300 kD (HC1 and HC2), one intermediate chain 
(IC), with a molecular mass of 110 kD, and approximately 
three light chains between 55 and 30 kD. By densitometry, 
HC1 was always in excess of HC2 accounting for 60--70% of 
the stain in the heavy chain region. 
Immunoblot analysis showed that the two heavy chains of 
14S dynein are immunologically distinct (Fig.  2).  Affinity 
purified antibodies to HC1 did not cross react with HC2 (lane 
2), however a small amount of cross-reactivity was observed 
with antibodies affinity purified to HC2 (lane 3). 
By STEM, the 14S fraction of Tetrahymena  dynein was a 
mixture of two types of globular particles in approximately 
equal proportions (Figs. 3 and 4). All of the particles had a 
globular region roughly ellipsoidal in shape with approxi- 
mate axes of 9.5,  and  14.5 ran. Slightly more than half the 
particles,  50-70%  depending on the preparation had tails. 
The tail was 20-24-nm long also with the distal 5-10 nm 
more massive than the proximal part. 
Negatively stained preparations of 14S dynein (Fig.  5), 
showed individual globular particles some with tails.  The 
majority of the molecules had a  stain accumulated in and 
Figure 2.  Immunoblot of the  14S heavy 
chains HC1 and HC2 separated on a 3 % 
acrylamide, 0-8 M urea gradient gel. The 
control, lane 1, was reacted with material 
eluted from a blank strip of nitrocellulose 
that had been incubated with a 1:500  dilu- 
tion of 14S antiserum. Lane 2 was reacted 
with  HC1  affinity  purified  antibodies. 
Lane  3  was  reacted  with  HC2  affinity 
purified antibodies.  Lane 4 was  reacted 
with 1:500 dilution of antiserum. 
around the center of the particle suggesting the presence of 
a pit or cleft in the molecule. 
Mass analysis of individual particles by the integration of 
electron scattering intensities gave partially overlapping dis- 
tributions (Fig. 6). The average mass of particles with tails 
was 510 kD. The globular heads of  both types of  particles had 
an average mass of 330 kD. The mass of  the tail structure was 
'~180 kD. 
Discussion 
The 14S fraction of Tetrahymena  dynein consists of two dis- 
tinctive heavy chains  and two classes  of particles,  distin- 
guishable by their morphologies and masses.  The particles 
without the tails were lower in mass than those with tails. The 
mass showed that the tail was indeed missing and not just ob- 
scured or wrapped around the particle. 
The simplest interpretation of  the SDS-PAGE analysis and 
the STEM analysis is that the tail-less particle (mass =  330 
kD) contains one copy of either HC1 or HC2, and probably 
very little of anything else. Whereas the tailed particle (mass 
=  510 kD) contains one copy of the remaining high molecu- 
lar mass chain, one copy of the intermediate chain (mass = 
110 kD) and one copy of each of the three light chains be- 
tween 30-55 kD. 
The results obtained here represent a refinement of  a previ- 
ous attempt to characterize the structure and mass of Tetra- 
hymena 14S dynein by Gibbons and Rowe (1965) who used 
negative staining and unidirectional shadowing techniques to 
establish that 14S dynein was a globular particle roughly el- 
lipsoid in shape, with approximate dimensions of 8.5,  9.0, 
and 14.0 nm. However, Gibbons and Rowe did not report any 
tail-like structures associated with the particles.  This may 
have been due, in part, to the relatively low resolution of the 
shadowed preparations. Assuming an anhydrous protein den- 
sity of 1.35 g/cm  3, Gibbons and Rowe estimated the molec- 
ular mass of 14S dynein to be 540 kD with a probable error 
of 20%. Using the short column sedimentation equilibrium 
method  for determining  molecular mass  they  obtained  a 
value of 600  5:100  kD  for  14S  dynein.  Considering the 
potential for systematic errors in their estimates of  molecular 
mass, the values reported by Gibbons and Rowe were quite 
close to the values reported here. 
STEM mass analysis is ideally suited for the mass mea- 
surement of individual molecules and the domains of mole- 
cules. For example, STEM mass analysis (Johnson and Wall, 
1983) gave an average mass measurement of 1.95 mD for the 
22S dynein which has recently been confirmed by hydrody- 
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particles. Samples of unfixed, 
unstained 14S dynein were ap- 
plied  to  a  carbon  film  and 
freeze-dried  and  then  exam- 
ined in the Brookhaven STEM 
as described by Mosesson et 
al. (1981). The rod at the right 
of the micrograph is a tobacco 
mosaic virus particle used for 
internal mass calibration. The 
number next to each particle is 
its mass in kD. The underlined 
values are for particles which 
exhibited a  tail  that  was  in- 
cluded in the mass measure- 
ment. 
namic and light scattering studies (Clutter et al.,  1983, and 
manuscript in preparation). 
The possibility that 14S dynein is a proteolytic product of 
22S dynein has been ruled out on two accounts. Firstly, poly- 
clonal antibodies against 22S dynein do not react with 14S 
dynein when assayed on immunoblots,  or by solid phase 
ELISgs (data not shown). Secondly, proteolysis of 22S dy- 
nein does not yield any fragments that resemble MS dynein 
when characterized by electron microscopy or SDS-PAGE 
(Clutter,  D.  B.,  and K.  A.  Johnson,  unpublished results). 
Since HC1  and HC2 are immunologically distinguishable, 
the possibility that the tail-less particles are the proteolytic 
products of the larger tailed particles appears to be unlikely. 
The possibility  that  all  of the  anti-HC1  antibodies  are 
against a particular region of HC1 that is cleaved off to pro- 
duce HC2 seems very remote, especially because the antise- 
rum used for the affinity purification reacted strongly with 
every component of the 14S dynein fraction. Therefore, one 
would not expect that in such an antiserum, antibodies would 
be raised exclusively against a small 10-30-kD polypeptide 
and not against any of the remaining 300 kD polypeptide. 
We have been unable to separate the two species of parti- 
cles in the 14S fraction, using gel-filtration, HPLC, gradient 
centrifugation, and selective binding to microtubules, with 
and without maps, or in the presence and absence of ATP. 
Therefore, we are unable to say whether one or both particles 
possess ATPase activity. 
Currently we do not know the origins of the two species 
of particles within the 14S dynein fraction. One possibility 
is that the two species of particles may have originated from 
a  common larger dynein molecule, and  may have broken 
down  during  the  extraction procedure  into  smaller  frag- 
ments;  as is the case for Chlamydomonas outer and inner 
dynein arms (Piperno and Luck,  1979; 1981). Piperno and 
Luck (1981) obtained evidence suggesting that the inner arm 
of Chlamydomonas contained two separate ATPases that had 
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dividual  14S  particles.  The  mass,  as 
measured  by  integration  of  electron 
scattering  intensities,  is  given in  kD 
beneath  each  particle.  The  top  row 
shows  particles  that  were selected as 
having a tail, whereas, the bottom row 
shows particles lacking the tail. 
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Figure 6. Distribution of particle masses. The histogram depicts the 
distribution of masses for particles with tails (upper) and without 
tails (lower). The average mass of particles with tails is 510  +  SD 
90 kD and the average mass of particles without tails is 330  +  SD 
60 kD. 
Figure 5.  Negatively stained preparation of 14S dynein depicting 
globular particles with and without tail-like structures attached.  A 
stain accumulation in the center of the globular particles suggests 
the presence of a pit or cleft in the molecule. 
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result  may  be  compatible  with  our  current  findings  that 
Tetrahymena 14S dynein consists of two types of particles. 
An alternative possibility is that the two types of particles 
do not originate from a common origin and are indeed two 
distinct species. In addition to the dynein arms, ATPase ac- 
tivity has been reported to be located within the region of the 
radial  spoke head  (Nagano,  1965),  and  the outer doublet 
membrane link (Dentler et al.,  1980;  Baccetti et al.,  1979). 
Dentler et al.  (1980)  showed that the link between the out- 
er doublet microtubule and the membrane in Tetrahymena 
was a dynein-like molecule with a sedimentation coefficient 
of 14S, and had a similar polypeptide composition to that of 
axonemal  14S dynein.  In addition,  the enzyme activity of 
microtubule-membrane link had nucleotide and divalent cat- 
ion requirements similar to those of 14S dynein, as well as 
being inhibited  by vanadate ions. Further work is underway 
to establish the origin of the two 14S particles by immuno- 
electron microscopy. 
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